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Introduction
Organic charge-transfer salts are interesting compounds in which the interchain transfer integral can be changed with composition, pressure, and temperature, leading to a delicate balance of interactions that gives rise to a rich variety of physical phenomena. These include charge ordering, spin-Peierls ground state, antiferromagnetism, spin density waves (SDW), metallicity, and superconductivity. 1 In particular, the acene-7,7,8,8-tetracyanoquinodimethane (TCNQ) systems are interesting for electronic applications, as they are semiconductors with a relatively small band gap and a moderate charge-transfer between constituent molecules. Both the value of the energy gap and the charge transfer can be tuned by the nature of the acene molecule and stoichiometry.
In this article, we present the single-crystal growth, crystal structure, and electronic band structure of tetracene-TCNQ complex. The separate constituents were studied by different research groups. Their chemical structure diagrams are presented in Figure 1 . Tetracene is a p-type semiconductor with the highest mobility at room temperature, µ ) 1.3cm 2 /Vs 2 , reported for transistors fabricated on single crystals and with a SiO 2 gate dielectric chemically treated with octadecyltrichlorosilane (OTS). TCNQ is an n-type semiconductor for which mobilities of µ ) 1.6 cm 2 /Vs were measured for transistors fabricated with "vacuum-gap" dielectric. 3 Tetracene and TCNQ, similar to most organic semiconductors, exhibit only unipolar conduction. The absence of ambipolar behavior is a severe limitation for the organic electronic devices for the fabrication of complementary metal oxide semiconductorlike circuits. For many materials, this is not an intrinsic property, but rather a result of a high-energy barrier for either electron or hole injection from the metal electrodes, which is caused by the relatively large band gap of organic semiconductors. Different strategies were proposed to overcome this problem. Most of them involve separate steps to build n-type and p-type transistors. Experiments on thin films have shown that if alternative layers of the p-type semiconductor R-hexathienylene (R-6T) and n-type semiconductor C 60 are evaporated on top of each other, ambipolar field effect transistors can be successfully fabricated. 4 Solution-processed single layers of heterogeneous blends, consisting of interpenetrating networks of p-type and n-type semiconductors, also showed ambipolar transistor behavior. 5 However, even if they are attractive for organic electronic devices in thin films (polycrystalline or amorphous), grain boundaries and disorder localize and trap the charge carriers. Here, we propose to incorporate tetracene p-type semiconductor and TCNQ n-type semiconductor in one singlecrystal that could combine the electrical properties of the separate constituents and eventually exhibit ambipolar conduction. The study of the conduction in the cocrystal can give a good insight in the interplay between the effect of chemical structure and molecular orientation on the electronic transport.
Electronic structure calculations on several pentacene derivatives have shown that the band structure depends sensitively on the stacking of molecules. 10 A multitude of crystal structures is possible if we combine a donor and acceptor molecule in one crystal structure.
The crystal structures of various charge-transfer salts of TCNQ with different acene donors have been published. [6] [7] [8] [9] Previous attempts to grow similar materials involved the use of solvents. Solvent inclusions are disadvantageous in semiconductor applications. In our method, tetracene-TCNQ cocrystals were grown by physical vapor transport without the use of solvents.
Experimental Methods
We have grown cocrystals of tetracene with TCNQ using physical vapor transport in a horizontal glass tube under a stream of argon. 11 The gas was obtained from AGA with purity of 99.999%. We removed water and other impurities from the incoming gas stream by an additional filter consisting of active carbon combined with Al 2 O 3 and copper. The growth tube setup is presented in Figure 2 (upper panel). The inner tube in which the crystallization takes place has a diameter of 25.8 mm, and the outer, furnace tube has a diameter of 30.1 mm. A temperature gradient was applied by resistive heating of two heater coils around the tubes. The temperature profile is shown in Figure 2 (lower panel). The temperature was controlled using two thermocouples. Prior to growth, the inner tube was cleaned with soap, demiwater, acetone, and alcohol and was baked out overnight in argon flow to remove water and other solvents. If water is not removed properly, the cyano-nitrile groups of TCNQ can hydrolyze at elevated temperature to amines and eventually to carboxylic acids even in an oxygen-free atmosphere. 12 The presence of hydrolyzation products can be detected in the IR spectrum as distinct peaks at 3300 and 1700 cm -1 , characteristic to stretching vibrations in carboxylic acids.
Yellow-colored powder of TCNQ and orange-colored powder of tetracene (Aldrich 99.5%, with no further purification) were placed in separate alumina boats. The boats with the source materials were arranged in the growth tube at positions that correspond to T 1 ) 478 K (TCNQ) and T 2 ) 459 K (tetracene), respectively, as shown in Figure 2 . The molecules in the vapor phase are transported by the argon gas, and they crystallize in the cold part of the tube. An optimum argon gas flow level is 15 mL/min. This yields needle-shaped crystals formed with typical dimensions of 5 × 0.1 × 0.05 mm. Below a flow level of 10 mL/min, long brittle needles were obtained. Dark brown 1:1 tetracene-TCNQ cocrystals form at temperatures around T ) 423 K. The crystals are needle-shaped and their dimensions can be controlled by the growth time. Typical growth time is around 3 days.
The single-crystal diffraction experiments were performed on a Bruker SMART APEX CCD diffractometer. A crystal fragment, cut to size to fit in the homogeneous part of the X-ray beam with dimensions of 0.65 × 0.11 × 0.05 mm, was mounted on top of a glass fiber and was aligned on the diffractometer. The diffractometer was equipped with a 4K CCD detector set 60.0 mm from the crystal. The crystal was cooled fast using a Bruker KRYOFLEX and the measurements were performed after the temperature was stabilized. Intensity measurements were performed using graphite monochromated Mo-KR j radiation. The structure determination was rather complicated, as the CCD detector revealed multiple reflection spots for each reflection, which showed profiles with anisotropic mosaicity and persistent weak scattering power. Three sets of frames were collected with an exposure time of 30s and an angular step width of 0.3°.
Experimental details about the structure determination at 100 K, data collection, and refinement are summarized in Table 1 .
Results and Discussion
The unit cell was identified as triclinic, spacegroup P1 h. The crystal is close to monoclinic symmetry. However, attempts to assign higher symmetry were not successful.
The crystal structure of tetracene-TCNQ cocrystal is similar to that of complexes consisting of an acene donor (e.g., perylene, 8 coronene 9 ) and TCNQ acceptor. In general, the crystal structure can be considered as a rigid TCNQ structural framework reinforced by intermolecular bonding of CN side groups. The acene is encapsulated in such a framework with slight rotational disorder. Tetracene molecules and TCNQ molecules are stacked face to face in an alternating manner ( Figure 3 ) with a separation which is slightly less than the typical distance for van der Waals interaction (∼3.4 Å at 100K). The molecules are not perfectly parallel, rather their molecular planes make an angle of 1.7°in the ab plane and an angle of 1.4°in the ac plane, respectively. The alternative stacking of the two different constituent molecules in the complex occurs along the a crystallographic axis, which is also the primary axis of crystal growth. The long axes of the planar donor and acceptor molecules make a small angle of 3.5°. The one-dimensional character of the π overlap is expected to cause anisotropy in morphology and electronic properties.
The structure was solved by direct methods, using the program SIR-97. 13 The positional and anisotropic displacement parameters for the non-hydrogen atoms were refined. A subsequent difference Fourier synthesis resulted in the location of all the hydrogen atoms, which coordinates, and isotropic displacement parameters were refined. The fractional coordinates of all the atoms in the tetracene-TCNQ cocrystals are presented in Table 2 .
As derived from the single-crystal X-ray diffraction experiments, the stacking distance between the alternative molecules in the crystal is relatively small (∼3.4 Å at 100K).
The degree of charge transfer can be calculated from the geometry of the TCNQ molecule, determined from diffraction experiments. 14 The neutral TCNQ molecule presents typical values for the bond lengths a, b, c, d presented in Figure 1 . As it gets charged in the cocrystal due to the presence of the electron donor tetracene, the bond length a and c in Figure 1 The calculations derived from the X-ray diffraction experiments show that the 1:1 tetracene-TCNQ complex present a limited charge transfer, z = 0.1. This value is significantly lower than for typical organic charge-transfer complexes (e.g., tetrathiafulvalene-TCNQ 1, 16 ), but similar to what is reported for other acene-TCNQ systems. 9 Strictly speaking, acene-TCNQ complexes should in this respect not be called charge-transfer salts.
The band structure of tetracene-TCNQ complex was calculated using ab initio simulation package VASP (Vienna ab initio Simulation Package) 17-22 based on density functional theory (DFT) in the generalized gradient approximation (GGA). This is a full potential method that does not make any approximation to the shape of the potential. This is important because organic semiconductors usually possess lower symmetry as compared to traditional solids. The method based on DFT implies that band gaps are usually underestimated; however, the band topologies are accurately described. The electronic band structure calculation methods were successfully applied to a number of organic semiconductor materials. 10, [24] [25] [26] Prior to the band structure calculations, the atomic positions obtained from X-ray diffraction measurement were optimized with a force tolerance of 10 meV/ Å. Some of the interatomic distances are listed in Table 3 .
In Figure 5 the band structure along three directions X(a*), Y(b*) and Z(c*) is shown. On the basis of the band structure, tetracene-TCNQ is found to be an indirect band gap semiconductor with a valence band maximum at Y. We are able to predict the conductive properties of tetracene-TCNQ from the relative widths of the conductive and valence bands.
The electron conductivity will be the highest in X direction while the highest hole conductivity is expected in Y direction, as follows from the relative widths of the valence and conduction band. However, we have not yet obtained reproducible results for ambipolar conduction in tetracene-TCNQ. The analysis of 
the partial density of states shows that the tetracene moiety contributes predominantly to the valence band states, whereas the states in the conduction band are dominated by the TCNQ molecule. Because of the cofacial arrangement of the tetracene with respect to TCNQ molecules within the crystal of tetracene-TCNQ, the largest π-orbital overlap and hence the interaction is expected to be in the stacking (i.e., X direction). One can establish by inspection of the relative band dispersions along the stacking direction, as shown in Figure 5 , that the LUMO interacts strongest with the HOMO-2 and very weakly with the HOMO band. A more detailed comparative and systematic study of tetracene-TCNQ and some other similar TCNQ complexes will be presented elsewhere. 23 
Conclusions
We have grown tetracene-TCNQ cocrystals by physical vapor transport in an inert atmosphere. The crystals are formed by alternation of the donor and acceptor molecule along the acrystallographic axis, the primary axis of crystal growth, and the charge transfer between the two constituent molecules is 0.1. The electronic band structure calculations show that tetracene-TCNQ complex is an indirect band gap semiconductor with a valence band maximum at Y. 15 drawing of the tetracene-TCNQ complex, illustrating the conformation and the adopted labeling scheme for the non-hydrogen atoms. Displacement ellipsoids for non-H atoms are represented at the 50% probability level. Figure 5 . Electronic structure of the valence and conduction bands of tetracene-TCNQ along X ) (a*/2), Y ) (b*/2) and Z ) (c*/2) direction. The Fermi energy was chosen on top of the valence band. X is the molecular stacking direction. The density of states in arbitrary units per molecule per unit cell (gray area for TCNQ and white area for tetracene) is shown on the right-hand side.
